Single crystals of a new organic material, 4-hydroxy-L-proline-L-tartaric acid (HPTA) adduct, were grown by slow evaporation of an aqueous solution containing equimolar concentrations of 4-hydroxy-L-proline and L-tartaric acid at room temperature. Formation of new crystal has been confirmed by single crystal Xray diffraction and NMR spectroscopic techniques. The single crystal XRD analysis shows that a molecule of 4-hydroxy-L-proline and a molecule of free L-tartaric acid both of which are interlinked to each other by two types of H-bonding interactions, namely O(6)eH(6)/O(2) and N(1)eH(1B)/O(10). The title compound (HPTA) crystallizes in monoclinic crystal system with non-centrosymmetric space group P2 1 . The suitability of the crystal for optical applications was studied by UVeViseNIR spectroscopy. Fourier transform infrared (FT-IR) spectral analysis was used to confirm the presence of various functional groups in the grown crystals. The thermal stability of the compound was investigated by thermogravimetric and differential thermal analyses. The dielectric constant and dielectric loss of the crystal were studied as a function of frequency and temperature. The fluorescence spectral analysis of the title crystal shows an indigo emission. The second order nonlinear optical (NLO) property of the crystal was confirmed by the modified KurtzePerry powder second harmonic generation (SHG) test.
Introduction
The predictable formation of networks or assemblies through intermolecular interactions such as hydrogen bonding or coordination bonds in the entire crystal lattice of crystalline materials having desired physical and chemical properties is the main objective of crystal engineering. It is a multidisciplinary area and it has implications for materials chemistry, supramolecular chemistry, molecular recognition and biology [1e4] . The unlimited architectural flexibility of the organic molecules permits them to be tailored for designing and obtaining novel processible nonlinear optical (NLO) materials and their structures can be modified to get the desired NLO properties [5] . Among the organic molecules, a-amino acids exhibit specific features of interest such as molecular chirality, absence of strongly conjugated p-bonds, wide transparency window in the entire UV, Visible and NIR regions of the electromagnetic spectrum and zwitter-ionic nature as a consequence of internal acidebase reactions [6] . The a-amino acids are the building blocks of polypeptides and proteins and are linked to one another by means of peptide bonds. The dipolar nature of the amino acids is responsible for the high SHG efficiency of its complexes or salts with various organic compounds [7] . L-Tartaric acid is a dihydroxy dicarboxylic acid which forms a broad family of hydrogen-bonded crystals. The non-centrosymmetric structure of the materials can easily be obtained when tartaric acid combines with organic bases involving multidirectional hydrogen bonding [8] . The structure and properties of tartaric acid complexes with a-amino acids such as L-lysine-L-tartaric acid [9, 10] , L-Asparagine-L-tartaric acid [11, 12] , L-Alaninium tartrate [13] , Glycine-D-tartaric acid [14] , L-prolinium tartrate [15, 16] have been already reported. The 4-hydroxy-L-proline is a neutral imino acid, differs from proline by the presence of a hydroxy group attached to the gamma carbon atom and it contains a secondary amino group incorporated into a five-membered ring [17, 18] . In the present work, we report synthesis, crystal growth, structure, optical, spectral, thermal and dielectric studies of 4-hydroxy-L-proline-L-tartaric acid (1:1) adduct single crystals. The crystal structures of the reactants 4-hydroxy-L-proline and L-tartaric acid have already been reported [19, 20] . The title compound was synthesized and grown into single crystals by employing the slow solvent evaporation solution growth technique at room temperature in aqueous medium. It crystallizes in the monoclinic crystal structure with P2 1 space group and the unit cell parameters are a ¼ 4.9000(10) A, b ¼ 18.070(4) A, c ¼ 6.6160(10) A. The dipolar nature of the 4-hydroxy-L-proline and the presence of the intermolecular hydrogen bonding between the molecules are the vital factors responsible for the existence of SHG activity in the title crystal.
Experimental procedure

Material synthesis and growth of single crystals
AnalaR grade 4-hydroxy-L-proline and L-tartaric acid were dissolved in Millipore water separately in 1:1 molar ratio and two solutions were henceforth mixed together. The mixture was stirred well for about 6 h. The reaction involved is illustrated in Fig. 1 . Suspended impurities were removed by using Whatman 41 grade filter paper. The clear filtrate so obtained was kept aside unperturbed in a dust-free room for the growth of single crystals. Welldefined, colorless single crystals were collected after two months time. The photograph of as-grown crystals of HPTA is shown in Fig. 2. 
Characterization techniques
The grown HPTA crystal was subjected to various characterization studies like with the index range À5 h 4, À21 k 21, À7 l 6. The structures were solved by direct methods and refined by the fullmatrix least-squares method on F 2 using the SHELXS-97 [21] crystallographic software package. All non-hydrogen atoms were refined using anisotropic displacement parameters. All hydrogen atoms were placed in the riding mode and refined isotropically. 
Results and discussion
Spectroscopic studies
The 1 H NMR spectrum of the title crystal is shown in Fig. 3 . The appearance of seven distinct proton signals in the spectrum confirms the presence of different proton environments in the title Fig. 1 . Reaction scheme of HPTA. The FT IR spectrum (Fig. 5) 
Single crystal X-ray diffraction analysis
The compound 4-hydroxy-L-proline-L-tartaric acid adduct crystallizes in monoclinic crystal system with space group P2 1 and its structure consists of a unique 4-hydroxy-L-proline molecule and an independent free L-tartaric acid molecule with all atoms placed in general positions. Fig. 6 illustrates the molecular structure of the HPTA and the atomic numbering scheme adopted. The 4-hydroxy-L-proline molecule exists as a zwitter ion by the proton transfer of uncommon ionization state which leads to the anionic carboxylate ion and cationic amino group in the molecule. The tartaric acid molecule is in the unionized state. The crystal data and other relevant information pertaining to the data collection, structure solution and refinement are given in Table 1 . The carbon skeleton of the tartaric acid molecule is non-planar with a C6eC7eC8eC9 torsion angle of 175.84 (19) . The presence of anionic carboxylate ion group and cationic amino group in the pyrrolidine ring of compound HPTA are non-planar as shown in the torsion angle of N(1)eC(3)eC(5)eO (4) , N(1)eC(3)eC(5)eO(2) which are À8.9(3) , 170.0(2) respectively. The selected bond lengths and bond angles are given in Tables 2 and 3 respectively. The corresponding data for the H-bonds are listed in Table 4 . The 4-hydroxy-L-proline molecule exists as a zwitter ion and is interlinked to the tartaric acid by two types of H-bonding interactions namely O(6)eH(6)/O(2) and N(1)eH(1B)/O(10) with a donoreacceptor distance of 2.452(3) A and 2.871(3) A respectively which appear to be important for the (Fig. 7) indicates the existence of intermolecular and intramolecular hydrogen bonds in the two dimensional network between the constituent molecules which is the root cause for SHG activity in the title crystal.
UVeViseNIR and fluorescence studies
The transmittance spectrum ( Fig. 8(a) ) shows the transparency of the title crystal is closer to 82% at 232 nm. At longer wavelength side, the crystal is highly transparent (nearly 97%) up to 1100 nm. So, the title crystal has been shown to be an useful material for the second harmonic generation of Nd:YAG laser of fundamental wavelength l ¼ 1064 nm. From the absorption spectrum (Fig. 8(b)) it can be observed that there is a less absorbance in the entire visible and near-infrared region. The lower cut-off wavelength in the ultraviolet region of the crystal was found to be 252 nm. The fluorescence emission spectrum was measured in the range 275e 625 nm and is shown in Fig. 9 . A peak at 435 nm in the visible region indicates that HPTA crystal has an indigo fluorescence emission.
Powder SHG measurement
The SHG property of HPTA crystals was investigated through the modified Kurtz and Perry powder technique [22] . The grown single crystal of HPTA was powdered and packed in a micro capillary of uniform bore. A Q-switched Nd:YAG laser beam of wavelength 1064 nm with an input power of 5.7 mJ and pulse width of 8 ns with a repetition rate of 10 Hz was made to fall on the sample. The power of the incident beam was measured using a power meter. The output from the sample was passed over a monochromater, which separates 532 nm (SHG) signal from 1064 nm and was absorbed by CuSO 4 solution that removes the 1064 nm radiation. A BG-38 filter kept in the path also removes the residual 1064 nm radiation. The SHG output is finally detected by a photomultiplier tube (Hamamatsu R 2059, a visible PMT) and displayed on oscilloscope. The second harmonic generation is confirmed by the emission of green radiation from the sample. The output power was measured to be 9 mV. For the same input, potassium dihydrogen orthophosphate (KDP) emitted the green light with the output power of 11 mV. The SHG efficiency of HPTA crystal was found to be 0.8 times that of KDP crystal. This tendency of the title crystal may be due to the presence of the dipolar amino acid 4-hydroxy-L-proline and un-ionized tartaric acid, which are stabilized by strong intermolecular hydrogen bonding interactions in the crystal packing. The tartaric acid was chosen to synthesize nonlinear materials because of the ability of enhancing the macroscopic nonlinearity in a synergistic mode, high laser damage threshold and initiating multidirectional hydrogen bonds [23, 24] . 13 C NMR spectrum of HPTA.
Dielectric measurements
Dielectric properties are correlated with the electro-optic property of the crystals [25] . The polished HPTA crystal faces were coated with silver paste and mounted between the two copper electrodes to form a parallel plate capacitor. The dielectric constant ( 3 r ) is calculated using the relation where C is the capacitance, d is the thickness, A is the area and 3 o is the absolute permittivity of the free space. The variation of dielectric constant as a function of frequency at room temperature is shown in Fig. 10(a) . The high value of dielectric constant at low frequencies may be due to the presence of electronic, ionic, dipolar and space charge polarizations, and its low value at higher frequencies may be due to loss of these polarizations gradually [26] . According to the Miller's rule [27] , lower value of dielectric constant is one of the suitable properties for the enhancement of SHG coefficient. The dielectric loss studied as a function of frequency at room temperature is shown in Fig. 10(b) . The minimum value of dielectric loss at high frequency indicates the enhanced optical quality of the crystal with lesser defects [28] .
Thermal analyses
The thermal stability of the title adduct crystal was established by TG/DTA analyses are shown in Fig. 11 . In the TG/DTA analyses, the sample was analyzed between the temperatures 26 and 500 C at a heating rate of 10 K/min in nitrogen atmosphere and thermogram is depicted in Fig. 11 . From the TG curve it is understood that the Table 3 Selected bond angles in HPTA ( ).
Table 4
Hydrogen bond parameters in HPTA. decomposition of the adduct takes place in three stages when it is heated from room temperature to 500 C. The first stage decomposition commences immediately after melting at 172.4 C and ends at 222 C with the elimination of 32.64% of material into gaseous products. The second stage decomposition noticed between the temperature 222 and 250 C incurs a weight loss of 18.87% of the material into gaseous products. A sudden weight loss noticed from 240 to 250 C may be due to the total volatilization of the material. At 250 C, the volatiles combine with one another to form an intermediate compound which undergoes decomposition in the third stage incurring a weight loss of 31.03%. The various gaseous products evolved in all the stages are CO, CO 2 , H 2 O, NH 3 , CH 4 and hydrocarbon gases. The DTA trace (Fig. 11 ) reveals exactly the same changes shown by TGA curve. The endothermic peak at 172.4 C indicates the melting point of the material. This is followed by a broad endotherm at 381.7 C, which may be attributed to the second decomposition temperature of HPTA. The melting point was also determined by using Sagaa instrument melting point apparatus and was found to be 171.2 C. 
Conclusion
The single crystals of the (1:1) organic adduct, 4-hydroxy-Lproline-L-tartaric acid were grown from its aqueous solution by the slow solvent evaporation solution growth technique at ambient temperature. FT-IR and NMR spectroscopic studies confirm the formation of the (1:1) adduct of HPTA. Single crystal X-ray diffraction analysis shows that the HPTA crystal belongs to monoclinic crystal system with space group P2 1 . UVeViseNIR study shows that the crystal has wide transparency window in the entire visible and NIR regions. The SHG activity in the adduct crystal was confirmed by employing Nd:YAG laser as source for IR radiation of wavelength 1064 nm. The fluorescence analysis confirms an indigo emission from the HPTA crystal. It is found that both dielectric constant and loss of the crystal decrease with increase in frequency. Thermal study indicates that the adduct is stable and the melting point is 172.4 C.
